One hundred and seventeen strains of plant origin lactic acid bacteria were observed to have interleukin (IL)-12 production-inducing activities using mouse peritoneal macrophages. Pediococcus pentosaceus (KKM122) was chosen for its stable and strong IL-12 production-inducing activity. There was no significant difference in IL-12 activity induced by the KKM122 strain grown in culture conditions of 0% and 6% NaCl. The cell wall components of cells grown in 6% salt condition, however, significantly induced lower IL-12 production as compared with those of cells grown in 0% salt condition. Cell wall components enhanced IL-12 activity by removing cytoplasmic components when KKM122 strain was cultured in 0% salt condition. The immunoenhancing factor was mainly present in the cell wall components. IL-12 production-inducing activities were dependent on both the amount of bacterial cytoplasmic components and the structure of the cell wall components under the NaCl concentration in the culture medium.
Lactic acid bacteria (LAB) are a major component of commensal microbial flora in the small and large intestinal tract of both humans and animals. 1) It is now widely accepted that probiotics exert health benefits beyond inherent basic nutrition. 2, 3) One potentially important function of probiotics is their involvement in the development and maintenance of homeostasis in the gut-associated immune system. 4, 5) LAB have exhibited an immunomodulatory effect both in vitro and in vivo. [5] [6] [7] [8] IL-12 stimulates interferon-gamma (IFN-) production from T cells and natural killer (NK) cells and increases their cytoxicity. 9) Most LAB for these experiments were isolated from commercial fermented milk products, though there have been many studies on the immune system as stimulated by LAB. In a study of LAB from uncommon origin, three Lactobacillus species, L. plantarum, L. rhamnosus, and L. paracasei, isolated from human gastrointestinal mucosa, were strong stimulators of IL-12 production. 10) There have not been many studies on the immune effects of LAB from plantderived food materials, [11] [12] [13] even though many LAB strains are isolated from fermented foods made from plant materials. Tetragenococcus halophilus isolated from soy sauce ''moromi'' increases IL-12 productioninducing activity depending on the salt concentration in the medium, and the strongest activity is observed when it is grown in medium containing 15% w/v salt. 13) It is well-known that bacterial cell sizes are increased when they are grown in complex media containing high concentrations of NaCl. [14] [15] [16] The enlargement of cell size is due to a decrease in peptidoglycan cross-links in the cell wall. There have been a few studies on the influence of cell components (cell wall and cell plasma fraction) on the LAB stimulating immune system. 11, 17) There is no report concerning the relationship between changes in cell components and stimulation of the immune system when LAB are grown under salt conditions.
Here, I reported on the screening of 117 strains of plant origin LAB for strong stimulators of IL-12 production when grown in medium without salt. I investigated the effect of LAB on cytokine production in mouse peritoneal exudate macrophages, and bacterial cell components induce IL-12 production when LAB were grown in a medium containing of NaCl.
Materials and Methods
Bacterial strains and cultivation. The 117 bacterial strains used in this study were held by Kikkoman Corporation Japan (KKM, Chiba), Noda Institute for Scientific Research (NISL, Chiba), and NODAI Culture Collection Center (NRIC, Tokyo). All lactic acid bacteria were isolated from fermented foods made from plant materials. For the mouse cytokine secretion assay, all the lactic acid bacteria were grown in MRS broth medium (BD Diagnostics, Franklin Lakes, NJ) at 30 C until the stationary phase, and were heat-killed at 90 C for 10 min. The heat-killed bacterial strain was washed twice and resolved with sterile distilled water.
Mice and isolation of peritoneal exudate macrophages. Male BALB/c mice (5 weeks of age) were purchased from Charles River Japan (Yokohama) and rested for at least 1 week before use. Peritoneal exudate macrophages were induced by i.p. injection of 2 ml of thioglycolate culture medium (BD diagnostics) into male BALB/c mice. Four days later, peritoneal exudate cells were harvested with 5 ml of PBS containing 10% FBS (PBS/FBS). They were washed 3 times with ice-cold PBS/FBS and resuspended at 10 7 cells/ml in complete RPMI 1640 medium (Invitrogen Japan, Tokyo). Adherent cells were isolated by incubation on plastic plates for 1 h at 37 C in a 5% CO 2 humidified incubator. Non-adherent cells were removed by aspiration, and adherent cells were resuspended at 2 Â 10 6 cells/ml in RPMI 1640 medium and cultured with bacterial strain adjusted to a density of 0.125 at 550 nm with RPMI 1640 medium. The mixture was Correspondence: Tel: +81-4-7123-5575; Fax: +81-4-7123-5960; E-mail: t-igarashi@mail.kikkoman.co.jp Biosci. Biotechnol. Biochem., 74 (11), 2171-2175, 2010 cultured on a 96-well tissue culture plate for 20 h at 37 C in a 5% CO 2 humidified incubator. To measure the amount of IL-12, the supernatant was collected from the centrifuged cell culture.
Measurement of IL-12 production-inducing activity using mouse peritoneal exudate macrophages. IL-12 concentrations in the culture supernatants were determined by using a sandwich enzyme-linked immunosorbent assay (ELISA) specific for p70.
Measurement of cell diameter. LAB was grown in MRS broth medium in the presence of 0% and of 6% NaCl. The bacterium was cultured until the stationary phase and harvested by centrifugation (3;000 Â g for 10 min at 5 C). The cells were washed twice with the washing buffer (saline solution of the same NaCl concentration as the medium containing 0.05% Tween #80). Cell size was measured with a particle size analyzer SALD-2200 (Shimadzu, Kyoto). Data are presented as the mean AE SE (n ¼ 20). Statistical analyses were carried out by Student's t-test, and probability values < 0:01 were considered to be significant.
Preparation of cell components of lactic acid bacteria. For cell wall fraction preparation, heat-killed bacteria were subjected to a series of fraction steps, with some modifications. 11, [17] [18] [19] Bacteria were disrupted by sonication for 30 min at 5 C in an Ultrasonic Generator US-150 (Nissei, Tokyo). The sonicated sample was heated at 65 C for 10 min to inactivate autolytic enzymes. The suspension was centrifuged at 800 Â g for 20 min at 5 C, and the supernatant was collected as a cytoplasmic and enzyme-untreated cell wall fraction (CC). Part of the supernatant was centrifuged at 35;000 Â g for 30 min at 5 C. The precipitate was suspended in a 50 mM Tris-HCl buffer (pH 7.5) and treated with 250 mg/ml of DNAse I (Sigma, St. Louis, MO), 250 mg/ml of ribonuclease A (Sigma) and 0.2 mg/ml of Actinase E (Kaken Pharmaceutical, Tokyo) at 37 C overnight to eliminate contamination by cytoplasmic material. The suspension was heated to 90 C for 15 min and centrifuged at 35;000 Â g for 30 min at 5 C. Then the precipitate was suspended in sterile distilled water. The suspension was used as the cell wall fraction (CW). CC and CW were lyophilized and kept at À80 C until use. To measure the IL-12 production-inducing activity of mouse peritoneal exudate macrophages, CC and CW were adjusted to 0.1 mg/ml with RPMI 1640 medium.
Sensitivity of cells to hydrolysis. The sensitivity of the cells to lysis with the enzyme was spectrophotometrically determined. Heat-killed cells were resuspended at an optical density of 1.0 at 550 nm in 100 mM potassium phosphate buffer (pH 6.5). Mutanolysin (Sigma) was added at a final concentration of 20 units/ml. The samples were incubated at 37 C and measured by spectrophotometer at 550 nm.
Preparation of cells grown in the medium containing Penicillin G. LAB was grown in MRS broth medium in the presence of 0, 0.5, and 0.75 mg/ml of Penicillin G potassium (Wako, Osaka). The bacterium was cultured at 30 C until the stationary phase and was heat-killed at 90 C for 10 min. The heat-killed bacterial cells were washed twice and resolved with sterile distilled water. The cells were adjusted to a density of 0.125 at 550 nm with RPMI 1640 medium. The method of detection of IL-12 production-inducing activity is described above.
Statistical analysis. Data are presented as mean AE standard error (SE), n representing the number of experiments. In the bar graphs, the SE values are indicated by error bars. Student's t-test and Dunnett's t-test were used to evaluate the significance of experimental differences, and p < 0:01 was taken as the level of statistical significance.
Results

Induction of IL-12 production by 117 strains of plant origin LAB
One hundred seventeen strains of plant origin LAB were grown in MRS broth medium until the stationary phase. Tetragenococcus halophilus (Th221), as the control strain, which strongly induced IL-12 production, 13) was grown in MRS broth medium in the presence of 15% NaCl for 4 d. There have been many reports that heat-killed LAB induces the production of interleukin in macrophage cultures. 11, 13, 20, 21) Hence, all the bacteria were heat-killed at 90 C for 10 min for measurement of IL-12 production. The resulting IL-12 productioninducing activities were compared with that of the Th221 strain (Table 1) . L. pentosus, L. plantarum, L. mesenteroides, and P. pentosaceus showed stronger IL-12 activity, but the same species did not necessarily show strong IL-12 activity. Four strains (P. pentosaceus, L. mesenteroides, L. pentosus, and P. acidilactici) especially showed higher IL-12 production-inducing activity than Th221 (Fig. 1) . The IL-12 productioninducing activities of these four strains were confirmed in several experiments, and Pediococcus pentosaceus (KKM122) was observed to have the highest, most stable IL-12 production-inducing activity. Subsequent experiments were performed using the KKM122. Relationship between the salt concentration in the culture medium and IL-12 inducement
In many cases, plant origin lactic acid bacteria ferment plant materials in the presence of various inorganic salts. The IL-12 production-inducing activity of the Th221 strain isolated from soy sauce ''moromi'' increased with elevation of the salt concentration in the medium, and the strongest activity was observed when it was grown in medium containing 15% w/v salt. 13) To examine the relationship between the culture conditions in presence of NaCl and IL-12 production-inducing activity, P. pentosaceus (KKM122) were grown in MRS broth medium in the presence of 0% and 6% NaCl. KKM122 strain did not grow in a medium containing 8% NaCl. The heat-killed bacterial cells were tested for IL-12 production with peritoneal macrophages (Fig. 2) . No significant difference in the IL-12 activity induced by the KKM122 strain grown in culture conditions of 0% or 6% NaCl was found.
Cell-size determination
In previous studies, significant enlargement of cells under high ionic stress was observed in Lactobacillus casei 15) and Staphylococcus aureus. 16) To investigate the relationship between salt-stressed culture conditions and cell size, bacterial cell sizes were measured by a particle size analyzer, SALD-2200. The result is shown in Table 2 . When LAB was grown in 6% NaCl condition, a statistically significant difference (p < 0:01) was observed in the mean cell diameter.
IL-12 production affected by cell components of KKM122
There was no significant difference in IL-12 activity between the salt-stressed cells (6% NaCl) and the unstressed cells (0% NaCl), though the salt-stressed cells were bigger than the unstressed cells. Hence, it was assumed that cell wall and cell plasma might stimulate peritoneal macrophages and induce IL-12 production. Cytoplasmic and enzyme-untreated cell wall fractions (CC) and cell wall fractions (CW) were prepared, and they stimulated peritoneal macrophages to measure IL-12 production (Fig. 3) . There was no significant difference in IL-12 activity induced by CC between the 0% and the 6% NaCl condition. This result is the same as in Fig. 1 . In the data for the 0% NaCl condition, CC significantly induced higher IL-12 production than CW, while in the data for the 6% NaCl condition, CC and CW induced the same amount of IL-12 production, and no significant difference was apparent. The cytoplasmic components exerted some effects on IL-12 productioninducing activities. The activity of CW in the 6% NaCl condition was significantly decreased compared to that in the 0% NaCl condition.
Sensitivity of whole cells to hydrolysis
In order to determine the cause of the differences in IL-12 production-inducing activity of CW dependent on the salt condition as shown in Fig. 3 , Whole cell lysis was studied. In Lactobacillus casei, whole cells grown under salt stress conditions lysed faster than the cells under unstressed conditions. 15) Mutanolysin is an enzyme that hydrolyzes the N-acetylmuramyl-1,4-acetylglucosamine bonds in the peptidoglycan structure. Treatment with mutanolysin resulted in whole cell lysis correlated with a decrease in absorbance at 550 nm (Fig. 4) . The rate of whole cell lysis became faster in proportion to the concentration of salt. The salt-stressed whole cells lysed faster than the salt-unstressed whole cells. This result indicates that the differences in sensitivity to lysis of the whole cell is due to their various cell wall structures.
The effect on IL-12 production by cells decreased the polymerization of peptidoglycan
In order to determine the relationship between IL-12 production-inducing activity and the polymerization of peptidoglycan, LAB was grown in a medium containing Penicillin G. Polymerization of peptidoglycan involves KKM122 was grown in MRS medium in the presence of 0% and 6% NaCl. Cytoplasmic and enzyme-untreated cell wall (white bar) and enzyme-treated cell wall (black bar) stimulated mouse peritoneal macrophage. The activities of IL-12 production were measured by ELISA. The data represent the mean AE SE for triplicate samples. Data were significantly different at Ã p < 0:01 on Dunnett's t-test.
the addition of disaccharide pentapetide subunits onto a growing glycan chain (transglycosylation) by a glycosyltransferase. The peptide side chains are then crosslinked (transpeptidation) by transpeptidase. These two types of enzyme, as penicillin-binding proteins (PBPs), are required for the biosynthesis of the bacterial cell wall. 22, 23) Penicillin G inhibited transglycosylation and transpeptidation. Bacterial cells grown in the medium containing Penicillin G were tested for IL-12 production with peritoneal macrophages (Fig. 5) . IL-12 inducing activities were decreased due to inhibition of the biosynthesis of the bacterial cell wall. The minimum inhibitory concentration of Penicillin G was 1.0 mg/ml.
Discussion
There have been many reports on immunomodulation focusing on IL-12 induction. 13, [24] [25] [26] In this study, 117 strains isolated from fermented plant products were screened for strong inducers of IL-12 production in vitro.
No specific species showed strong IL-12 inducingproduction activity, but activity did depend on an individual strain's ability (Table 1) . Four strains induced higher IL-12 responses than the Tetragenococcus halophilus (Th221) strain, as positive control (Fig. 1) . Especially, P. pentosaceus (KKM122) showed a comparatively strong IL-12 response when grown in a medium without salt. In an investigation of the inferaction between IL-12 activity and growth medium conditions in the presence of salt, there was no significant difference in IL-12 activity between the salt-stressed condition and the unstressed condition (Fig. 2) , but the salt-stressed condition caused KKM 122 strain cells to lengthen significantly ( Table 2 ). The increase in cell size was due to their growth in a medium containing salt. These results are in agreement with previous reports. Lactobacillus casei cells grown under 1 M NaCl conditions were significantly larger than cells grown under unstressed conditions, 13) and high osmotic growth conditions (NaCl and KCl were used as stressing agents) caused E. coli to be lengthen and this is to be attributed to the inhibition of cell division. 27) In S. aureus, 2.5 M NaCl stress also coused the cells to lengthen. 16) As shown in Fig. 3 , the IL-12 production-inducing activity stimulated by CW was significantly higher than by CC when KKM122 was cultured in a medium without salt, while there was no significant difference in IL-12 activity between CC and CW when the strain was grown in the 6% NaCl condition. The cytoplasmic components had less effect on IL-12 activity under saltstressed condition, because there was no significant difference in the IL-12 activity induced by CC between the 0% and the 6% NaCl condition and because this result corresponded to the results for whole cells (Fig. 1) . These results suggest that the immunoenhancing component of KKM122 was mainly present in the cell wall components, because the activity of IL-12 production-inducing was increased by reducing the cytoplasm and treatment with some enzymes. Cell components such as peptidoglycan and lipoteichoic acid from lactic acid bacteria have been reported to stimulate cytokine production. 11, 17, 28, 29) The IL-12 activity induced by CW in the 6% NaCl condition was lower than that by CW grown in the 0% NaCl condition. The saltstressed bacterial cells had a shorter peptidoglycan interpeptide bridge than unstressed cells. 16) To confirm this experimental result, the sensitivity to lysis of whole cells was studied. Whole cells grown under salt-stressed conditions were easily lyzed with mutanolysin (Fig. 4) . Resistance to lysis by the lytic enzyme has also been related to the presence of O-acetyl groups in peptidoglycan, the attachment of teichoic acid to peptidoglycan, and a high degree of peptide cross-link. 15 ) IL-12 production-inducing activity was affected by the culture conditions in the presence of NaCl, and this was due to changes in their cytoplasmic components and cell wall components. These changes in their cytoplasmic components suppressed the induction of IL-12 production, and the changes of the cell wall components decreased IL-12 production-activity.
As for Nod molecules, Nod2 senses peptidoglycan degradation products containing the muramyldipeptide, which is common both in Gram-positive and Gramnegative bacteria, 30, 31) but Gram-positive bacterial cell walls employ CD14 for immune recognition. Both Relative changes in optical density at 550 nm were detected after incubation of whole cell suspension in the presence of 20 units/ml, mutanolysin. KKM122 was grown in MRS medium in the presence of 0% salt ( ), 2% salt ( ), 4% salt ( ), and 6% salt ( ). KKM122 was grown in MRS medium in the presence of 0, 0.5 and 0.75 mg/ml, Penicillin G potassium. Bacterial whole cells stimulated mouse peritoneal macrophages and the measured the activity of IL-12 production. Data were significantly different at Ã p < 0:01 on Dunnett's t-test, as compared to 0 mg/ml, Penicillin G potassium.
peptidoglycan and lipoteichoic acid have been found to activate macrophages in a CD14-dependent manner. 28, 32) Soluble peptidoglycan activates TLR2, not TLR4. 33) The polymer peptidoglycan of Staphylococcus epidermidis is mediated by TLR2, but the monomer peptidoglycan have no activity. 34) KKM122 cells grown in a medium containing Penicillin G showed weaker IL-12 activities (Fig. 5) . The decrease in activity was due to inhibition of peptidoglycan biosynthesis. The amount of crosslinked peptidoglycan might be one of the most important factors in IL-12 activities. In a previous report on L. casei, polymer peptidoglycan was decreased by the cultivation under 1 M NaCl conditions. 15) In this study, polymer peptidoglycan might have been decreased by the culture conditions in the presence of salt, and might have been weak at activating macrophages for immune systems. It appears that a high activity of IL-12 production can depend on a balance of changes (between cytoplasmic components and the structure of peptidoglycan). Further elucidation of this activity, including structural analysis of peptidoglycan and functional analysis of cell wall biosynthetic enzymes, such as transpeptidase and glycosyltransferase, is ongoing.
